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One-proton (1p) radioactive emission under the influence of the Λ0-hyperon inclusion is discussed.
I investigate the hyper-1p emitter, 6ΛLi, with a time-dependent three-body model. Two-body inter-
actions for α-proton and α-Λ0 subsystems are determined consistently to their resonant and bound
energies, respectively. For a proton-Λ0 subsystem, a contact interaction, which can be linked to
the vacuum-scattering length of the proton-Λ0 scattering, is employed. A noticeable sensitivity of
the 1p-emission observables to the scattering length of the proton-Λ0 interaction is shown. The
Λ0-hyperon inclusion leads to a remarkable fall of the 1p-resonance energy and width from the
hyperon-less α-proton resonance. For some empirical values of the proton-Λ0 scattering length, the
1p-resonance width is suggested to be of the order of 0.1 − 0.01 MeV. Thus, the 1p emission from
6
ΛLi may occur in the timescale of 10
−20 − 10−21 seconds, which is sufficiently shorter than the self-
decay lifetime of Λ0, 10−10 seconds. By taking the spin-dependence of the proton-Λ0 interaction
into account, a remarkable split of the Jpi = 1− and 2− 1p-resonance states is predicted. It is also
suggested that, if the spin-singlet proton-Λ0 interaction is sufficiently attractive, the 1p emission
from the 1− ground state is forbidden. From these results, I conclude that the 1p emission can be a
suitable phenomenon to investigate the basic properties of the hypernuclear interaction, for which
a direct measurement is still difficult.
PACS numbers: 21.10.Tg, 21.80.+a, 23.50.+z, 27.20.+n.
I. INTRODUCTION
Inclusion of hyperons in atomic nuclei has been a fasci-
nating topic in nuclear physics [1–3]. One of the famous
effects is that the hyperon plays as a gluelike particle: its
inclusion leads to an expansion of the proton and neu-
tron driplines, as well as a new emergence of stable nuclei.
Recently, one novel type of the hypernuclear experiment
combined with the heavy-ion collision has been proposed
[4–7]. An advantage of this new experimental method is
an accessibility to the proton-rich and neutron-rich re-
gions, where the inclusion effect can provide a noticeable
difference from the normal nuclei.
The fundamental parts of the hypernuclear physics in-
clude hyperon-nucleon (YN) and hyperon-hyperon (YY)
interactions. However, even with the modern experimen-
tal development, a direct measurement of the YN and/or
YY interactions is still difficult. This lack of information
has been indeed a long-standing bottleneck to establish
the unified nuclear model for normal and hyper nuclei.
On the other hand, in recent decades, there has been a
remarkable development of experiments to measure the
few-nucleon radioactive emissions. Those include, e.g.
one-proton (1p) and two-proton emissions [8–11]. For
these radioactive processes, typical observable quantities
include the few-nucleon resonance energy and its decay
width or equivalently lifetime. Here it is worth men-
tioning that the decay width is available only in these
meta-stable systems, in contrast to the bound systems,
whose lifetime is trivially infinite. It has been expected
∗ E-mail: toishi@pd.infn.it
that these observables can be good reference quantities
for the theoretical models of the nuclear force, pairing
correlation, and multi-particle dynamics. Similarly, the
particle-unbound hyper nuclei can be a good testing field
to investigate the hypernuclear properties. There have
been, however, still less studies of the hyperon-inclusion
effect on the particle-unbound systems [12–16].
The aim of this work is to invoke the interest to uti-
lize the proton emission as a suitable tool to investigate
the hypernuclear properties. For this purpose, I demon-
strate a simple calculation for the lightest hyper-1p emit-
ter, 6ΛLi. The calculation is based on the α-proton-Λ
0
three-body model to study the inclusion effect of Λ0 hy-
peron on the proton-emitting nucleus. For the descrip-
tion of the particle-resonance, or equivalently, the meta-
stable properties, it is necessary to extend the static
quantum mechanics. The popular methods for this pur-
pose include the time-dependent method [17–20], as well
as the non-Hermitian method [16, 21–23]. In this pa-
per, I employ the former option, which can provide one
phenomenological way to find a useful link between the
resonance observables and the basic properties in hyper-
nuclear physics. Especially, it is expected that the mea-
surement of the proton emission provides suitable data to
examine the YN interaction model. Note that the similar
interest has been devoted to the two-proton radioactive
emission, where its decay width can be closely related to
the proton-proton scattering length [19, 24].
In the next section, the formalism of the three-body
model is presented. Parameters of the model are chosen
consistently with the experimental data. In section III,
the time-dependent calculation for the hyper-1p emitter,
6
ΛLi, is presented. There, my result and discussion on the
hyperon-inclusion effect on the 1p emission are described
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FIG. 1. Three-body model of 6ΛLi.
in detail. Finally, in section IV, I summarize this work.
II. THREE-BODY MODEL
For simplicity, I omit the superscript 0 for the Λ0 par-
ticle in the following. The theoretical model is based
on the α-proton-Λ three-body picture, within the core-
orbital coordinates, {rp, rΛ}, as shown in Fig. 1. The
detailed formalism of these coordinates is summarized in
the Appendix. In this framework, the total Hamiltonian
reads [25–27]
H3b = hp + hΛ + xrec + vp−Λ(rp, rΛ),
hi =
p2i
2µi
+ Vα−i(ri),
xrec =
pp · pΛ
mc
(recoil term), (1)
where i = p and Λ for the valence proton and Λ hyperon,
respectively. Here ri is the relative coordinate between
the core and the i-th nucleon. Thus, hi is the correspond-
ing single particle (s.p.) Hamiltonian. Mass parameters
are fixed as the empirical values: µi = mimc/(mi +mc),
mp = 938.272 MeV/c
2, mΛ = 1115.683 MeV/c
2, and
mc = 3727.379 MeV/c
2 (α-particle mass).
TABLE I. Resonance energy and width obtained with the α-
nucleon potential in this work. Those are evaluated from the
scattering phase-shift in the (p3/2)-channel.
Eα−n, Γα−n Eα−p, Γα−p
(MeV) (MeV)
Our Vα−n,p 0.77, 0.67 1.69, 1.31
Exp.[28] 0.798, 0.578 1.69, 1.06
Exp.[29] 0.89, 0.60 1.97, (' 1.5)
Exp.[30] 0.735, 0.60 1.96(5), (' 1.5)
The core-proton potential is determined as
Vα−p(rp) = VWS(rp) + VCoul(rp), (2)
where a Woods-Saxon potential including the spin-orbit
term is given as
VWS(r) = V0f(r) + Uls(l · s)1
r
df(r)
dr
, (3)
f(r) =
1
1 + e(r−R0)/a0
. (4)
Here r = |r| and f(r) is a standard Fermi profile. In addi-
tion, Coulomb potential of an uniformly charged sphere
with its radius R0 is included for this subsystem. In
this paper, its parameters are fixed as R0 = r0 · 41/3,
r0 = 1.25 fm, a0 = 0.65 fm, V0 = −47.4 MeV, and
Uls = −0.4092V0r20 [26, 27]. From the phase-shift anal-
ysis, it is confirmed that this set of parameters fairly
reproduces the empirical α-neutron and α-proton scat-
tering data in the p3/2 channel [28], as summarized in
TABLE I. On the other hand, the core-Λ potential is
given as
Vα−Λ(rΛ) = fVWS(rΛ), (5)
with the reduction factor, f = 0.5333, where the non-
physically large spin-orbit component in Eq. (3) is not
operative. This potential correctly reproduces the s.p.
binding energy in the core-Λ subsystem (5ΛHe) in the s1/2
channel, (s1/2) = −3.12 MeV [31].
A. Proton-Λ interaction
In this work, for the proton-Λ subsystem, I employ the
simple contact-type interaction:
vp−Λ(rp, rΛ) = w0δ(rp − rΛ). (6)
As is well known, its bare strength, w0, can be deter-
mined consistently to the vacuum proton-Λ scattering
length, av, by determining also the energy cutoff Ecut of
the model space [25, 26]. That is,
av =
[
2kcut
pi
+
2pi~2
µp−Λw0
]−1
(fm), (7)
or equivalently,
w0 =
2pi2~2av
µp−Λ(pi − 2avkcut) (MeVfm
3), (8)
where µp−Λ = mpmΛ/(mp + mΛ) and kcut =√
2µp−ΛEcut/~. The energy cutoff is fixed as Ecut = 15
MeV in this paper. Unfortunately, there has been no di-
rect measurement available for the Λ−p scattering length
in vacuum. Thus, in the following discussion, I treat it
as a model parameter, and results with several av values
are compared. Also, in Sec. III C, the model is extended
3to take the spin-dependence of the scattering length into
account.
Note that there are several, more realistic YN-
interaction models than the contact type [1, 2]. How-
ever, these interactions have finite ranges. At present,
the time-dependent calculation combined with the finite-
range proton-Λ force is not feasible, due to the numerical
cost. The main problem is that, for Jpi = 1− or 2−, one
needs a larger model space than in the case of Jpi = 0+
[18, 19]. To employ these finite-range forces, the algorith-
mic improvement as well as the parallelized computation
is in progress now.
B. Uncorrelated basis
In this work, I assume that the α core keeps the spin-
parity of 0+ without excitation. Then, the proton-Λ state
is expanded on the uncorrelated basis, which is the tensor
product of two s.p. states coupled to Jpi. That is,
|Φ(pΛ,Jpi)κλ 〉 =
[
|φ(p)κ 〉 ⊗ |φ(Λ)λ 〉
](Jpi)
, (9)
where κ is the shorthanded label for all the quantum
numbers of the proton state, {np, lp, jp,mp}, and simi-
larly with λ for the Λ state. Those include the radial
quantum number n, the orbital angular momentum l,
the spin-coupled angular momentum j, and the magnetic
quantum number m. Of course, each s.p. state satisfies,
hp |φ(p)κ 〉 = κ |φ(p)κ 〉 , hΛ |φ(Λ)λ 〉 = λ |φ(Λ)λ 〉 , (10)
where κ(λ) is the single-proton (Λ) energy. In order to
take into account the Pauli principle for the valence pro-
ton, the first (s1/2) state is excluded. The s.p. angular
momenta up to the lcut = 3 are taken into account. The
continuum s.p. states up to Ecut = 15 MeV are dis-
cretized in the radial box of Rbox = 120 fm. This trun-
cation of model space is confirmed to be in a range that
ensures the convergence in the 1p-resonance observables.
The three-body eigenstates are solved by diagonalizing
the Hamiltonian matrix. That is,
ΨN (rp, rΛ) =
∑
M
UNMΦ
(pΛ,Jpi)
M (rp, rΛ), (11)
where H3b |ΨN 〉 = EN |ΨN 〉 with the expansion coeffi-
cients, {UM}. Here M = {κ, λ} is the simplified label for
the uncorrelated basis.
In the following, I limit my discussion to only with the
Jpi = 1− and 2− configurations. Thus, the dominant
channel is trivially κ(p3/2)⊗λ(s1/2). Notice that, in this
channel, the s.p. proton state is resonant, whereas the Λ
state is bound.
The expectation value of the three-body Hamiltonian
gives the total separation energy with respect to the α-
proton-Λ breakup threshold. That is,
BpΛ = −E3b = −〈Ψ |H3b |Ψ〉 , (12)
for an arbitrary state |Ψ〉. In the next section, for the
time-evolution calculation to describe the 1p emission,
Eq. (12) is utilized to evaluate the mean three-body en-
ergy of the initial state, |Ψ(t = 0)〉.
C. Experimental data
The three-body separation energy in Eq. (12) can be
associated with the two-body separation energies of the
subsystems. Because of the two different orders to strip
the valence proton and Λ from the α core, one can for-
mulate it in the two ways. That is,
BpΛ(
6
ΛLi) = BΛ(
6
ΛLi) +Bp(
5Li), or
= Bp(
6
ΛLi) +BΛ(
5
ΛHe). (13)
Here Bp(X) and BΛ(X) indicate the single-proton and
single-Λ separation energies from the X nuclide, respec-
tively. Note that, if the separation energy is positive
(negative), that channel is bound (unbound). Thus, if
Bp(
6
ΛLi) is negative, the spontaneous 1p emission can
take place. That is,
Bp(
6
ΛLi) = BΛ(
6
ΛLi) +Bp(
5Li)−BΛ(5ΛHe). (14)
From the reference data [28, 31–33], this is estimated
as Bp(
6
ΛLi) ' −0.6 MeV, and thus, 6ΛLi may be active
for the spontaneous 1p emission from its ground state.
However, it should be also noticed that a large ambiguity
of the order of 0.1 − 1 MeV still remains in Bp(6ΛLi).
This ambiguity is from the experimental uncertainties in
Bp(
5Li) [28–30] and BΛ(
6
ΛLi) [32–35]. Concerning these
uncertainties, it should be still an open question whether
the 1p emission from the ground state of 6ΛLi occurs or
not.
According to the several experimental searches [34, 36],
the narrow resonance of proton-5ΛHe has not been re-
ported. There can be two interpretations of this result.
The first one is simply that 6ΛLi is bound against the 1p
emission. The alternative is that 1p-resonance actually
exists but with a considerably large width. In the follow-
ing discussion, one can find that this problem is strongly
dependent on the effective proton-Λ interaction strength.
III. RESULT AND DISCUSSION
First I briefly mention the case, where the sponta-
neous 1p emission is forbidden. In the present model,
BΛ(
5
ΛHe) = 3.12 MeV as reproduced by the Vα−Λ(rΛ)
consistently to the experimental data [31]. Also, the α-
proton subsystem is unbound with Bp(
5Li) = −1.69 MeV
consistently to Ref. [28]. From Eqs. (13) and (14), when
the 1p emission is forbidden as Bp(
6
ΛLi) > 0, it coincides
that E3b = −BpΛ < −3.12 MeV, or equivalently that
BΛ(
6
ΛLi) > 4.81 MeV. Remember that BpΛ or BΛ(
6
ΛLi) is
controlled by the interaction strength, w0, which is linked
to the proton-Λ scattering length, av.
4It is confirmed that, if the spontaneous 1p emission
is forbidden, it requires that av ≤ −3.1 (−3.3) fm for
the Jpi = 1− (2−) configuration. In this case, the three-
body ground state is completely bound, and the valence
proton and Λ mostly occupy the (p3/2) and (s1/2) orbits,
respectively: the occupation probability is obtained as
P (p3/2, s1/2) ∼= 98 %. This dominance is attributable to
the bound-(s1/2) orbit of the Λ particle.
On the other hand, there have been several realistic
YN interaction models, which predict the larger scatter-
ing length than our 1p-binding border, −3.1 fm. For
instance, see Ref. [37] for a summary of these values. In
this case, the 1p emission may happen from the ground
state of 6ΛLi. In the following, along this second scenario,
I discuss the Λ-inclusion effect on the 1p-emission pro-
cess. For this purpose, the time-dependent method is
employed.
A. Time-dependent method
General formalism of the time-dependent method can
be found in Refs. [18, 19]. Thus, in the following, I only
describe the necessary contents for this work.
As discussed in the previous section, the 1p emis-
sion is expected to occur with the energy release of
Q1p = −Bp(6ΛLi) ' +0.6 MeV. To evaluate the three-
body energy consistently to the expected Q1p value, it is
convenient to reformulate Eq. (13). That is,
Q1p = −Bp(6ΛLi) = E3b +BΛ(5ΛHe), (15)
where BΛ(
5
ΛHe) = 3.12 MeV in the present model consis-
tently to Ref. [31]. Thus, for fitting to the expected Q1p
value, it requires that E3b = 〈H3b〉 ' −2.5 MeV. Note
also that the Λ-binding energy of 6ΛLi is given as,
−BΛ(6ΛLi) = E3b +Bp(5Li), (16)
where Bp(
5Li) = −1.69 MeV [28]. Thus, the expected
Q1p value corresponds to that BΛ(
6
ΛLi) ' +4.2 MeV.
In order to fix the initial state for the time-dependent
1p emission, which should be associated with the ex-
pected Q1p value, I utilize the confining-potential proce-
dure. This procedure has provided a good approximation
for nuclear resonance processes [17–19, 38–40]. Also, for
the two-proton emitter 6Be [18, 19], it has provided the
consistent result with the non-Hermitian calculation of
the complex-scaling method [23, 41].
The confining potential at t = 0 is given as
V
(c)
α−i(ri) = Vα−i(ri) + ∆Vα−i(ri). (17)
The gap potential ∆Vα−i(ri) is determined within the
same manner in Ref. [18]: the wall potential at the bor-
der radius, |ri| ≥ rb = 5.7 fm, is employed. Indeed,
it is checked that, as long as the initial-wave packet is
well confined around the α core, the conclusion does not
change even with the different rb values.
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FIG. 2. Probability-density distribution at t = 0 obtained
with the confining potential procedure.
Within the confining potential, the initial state can be
solved by expanding it on the eigen-states of H3b. That
is,
|Ψ(t = 0)〉 =
∑
N
FN (0) |ΨN 〉 , (18)
where H3b |ΨN 〉 = EN |ΨN 〉. Figure 2 displays the initial
density of probability for the Jpi = 1− and 2− configura-
tions. That is,
ρ(rp, rΛ) = 8pi
2r2pr
2
Λ
∫ 1
−1
d(cos θpΛ) |Ψ(t = 0; rp, rΛ)|2 .
(19)
Namely, the original distribution is integrated with re-
spect to the proton-Λ opening angle, θpΛ [18, 27]. In
Fig. 2, one can find that both the valence proton and Λ
are well confined around the α core. In this state, the
(p3/2, s1/2) configuration of proton and Λ is dominant:
P (p3/2, s1/2) = 97.9 (98.3) % for J
pi = 1− (2−). This
is similar to the 1p-bound state discussed already. No-
tice also that, due to the different orbits of the ingredient
particles, the initial density has a long tail with respect
to rp, whereas it has a compact form with respect to rΛ.
The three-body energy is obtained as E3b = 〈H3b〉 =
−2.52 and −2.49 MeV for the Jpi = 1− and 2−
cases, respectively. Here the vacuum-scattering length
is fixed as av = −1.6 fm, which corresponds to w0 =
−468.83 MeVfm3, for the fitting purpose to the expected
Q1p value.
From the initial state in Eq. (18), the time develop-
ment can be solved as,
|Ψ(t)〉 =
∑
N
FN (t) |ΨN 〉 , (20)
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FIG. 3. Time-dependent probability-density distribution of
the decay state, ρd(t), for J
pi = 1−.
where FN (t) = e
−itEN/~FN (0). It is convenient to define
the decay state as,
|Ψd(t)〉 ≡ |Ψ(t)〉 − β(t) |Ψ(0)〉 , (21)
where β(t) = 〈Ψ(0) |Ψ(t)〉 [42]. Since the initial state is
well confined, this decay state represents the out-going
component from the α core.
In Fig. 3, the decay-probability density for the Jpi =
1− configuration, which is normalized at each point of
time, is presented. That is,
ρd(t; rp, rΛ) =
8pi2r2pr
2
Λ
Nd(t)
∫ 1
−1
d(cos θpΛ) |Ψd(t; rp, rΛ)|2 ,
(22)
where Nd(t) = 〈Ψd(t) |Ψd(t)〉. In Fig. 3, one can clearly
see the evacuation of the proton: the decay probability
grows at rp ≥ 9 fm during the time evolution. Also,
the decay probability is zero for rΛ ≥ 6 fm, indicating
that the Λ particle is always confined around the core.
This is of course attributable to the bound s1/2 orbit.
Namely, our time-dependent calculation reproduces the
1p emission, leaving the bound α-Λ subsystem. The sim-
ilar pattern of the decay probability is confirmed also in
the Jpi = 2− case.
Figure 4 shows the survival probability, Psurv(t), and
its decay width, Γ1p(t), for the J
pi = 1− configura-
tion. These quantities are defined as the same in Refs.
[18, 40]. From this result, the process is well inter-
preted as the exponential decay after sufficient time:
Γ1p(ct > 600 fm) ∼= const. The 1p-resonance width is
suggested as Γ1p ∼= 0.1 MeV, when E3b = −2.5 MeV
consistent with the expected Q1p value, 0.6 MeV.
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FIG. 4. Survival probability and resonance width of the 1p
emission from the ground state of 6ΛLi (J
pi = 1−). The sur-
vival probability is plotted in the logarithmic scale. In the
default case, Rbox = 120 fm and Ecut = 15 MeV. In the
case A, Rbox = 140 fm and Ecut = 15 MeV. In the case B,
Rbox = 120 fm and Ecut = 20 MeV. The mean three-body en-
ergy is obtained as E3b = −2.521, −2.518, and −2.522 MeV
in the default case, case A, and case B, respectively.
Before closing this subsection, I show that the con-
clusion does not change even within the larger model
space. In Fig. 4, in addition to the default setting with
Ecut = 15 MeV and Rbox = 120 fm, I repeat the same
calculation but changing the cutoff parameters. In the
case A, the radial box is extended as Rbox = 140 fm,
whereas the other parameters remain unchanged. In the
case B, only the cutoff energy is increased as Ecut = 20
MeV. Consequently, in all the cases, the three-body en-
ergy and the 1p-emission width show a good coincidence.
The deviation in the three cases is sufficiently smaller
than the experimental uncertainties.
B. Sensitivity of 1p-resonance to proton-Λ
interaction
In this subsection, the sensitivity of the 1p-resonance
energy and width is investigated. For this purpose, the
proton-Λ scattering length, av, is treated as the model
parameter, which is associated with the bare strength of
the proton-Λ interaction.
Before going to the detailed discussion, I note the range
of feasibility of the time-dependent method. Fortunately,
in this paper, the Q1p value of interest yields the decay
width, Γ1p, of the order of 0.01−0.1 MeV. In this case, af-
ter a sufficient time evolution, the time-dependent calcu-
lation fairly reproduces the exponentially decaying rule:
Psurv(t) ' Psurv(0) exp (−tΓ1p/~), where Γ1p can be well
constant. However, I also confirmed that, for the lower
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FIG. 5. Survival probability and resonance width of the 1p
emission from the 6ΛLi nucleus (J
pi = 1−). Results with
av = −1.6, −1.8, −2.0, and −2.2 fm, in correspondence to
E3b = −2.52, −2.65, −2.75, and −2.83 MeV, respectively,
are presented. The survival probability is plotted in logarith-
mic scale.
Q1p value, the decay width becomes inadequately small,
and the time evolution should be performed to the long-
time scale. At present, this calculation is impractical.
To investigate this long-time scale, the computational
improvement is necessary: the time-dependent method
needs to be combined with, e.g. the absorption-boundary
condition [43, 44]. On the other hand, for the larger Q1p
value, the decay width becomes so large that it does not
guarantee the valid picture of the quasi-stationary state:
the state becomes much alike the scattering state, where
the continuum effect should be more precisely taken into
account. Also, in such a case, the survival probability
does not form the exponential decay.
Figures 5 and 6 display the results of the survival
probability and decay width. In this result, except av,
the model parameters remain unchanged. There, in
addition to the previous case, I test the new inputs,
av = −1.8,−2.0, and −2.2 fm. The three-body energy
is obtained as E3b = −2.65,−2.75, and −2.83 MeV, re-
spectively for Jpi = 1−, whereas E3b = −2.60,−2.71,
and −2.79 MeV, respectively for Jpi = 2−. The re-
sultant decay width shows a good convergence after a
sufficient time evolution, indicating the exponential de-
cay rule. These values are in the feasibility range of
the time-dependent method. It is worthwhile to empha-
size that the obtained decay width shows a noticeable
fall from the 1p-resonance width of the hyperon-less α-
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FIG. 6. Same to Fig. 5 but for the case of Jpi = 2−. Results
with av = −1.6, −1.8, −2.0, and −2.2 fm, in correspondence
to E3b = −2.49, −2.60, −2.71, and −2.79 MeV, respectively,
are presented.
proton subsystem, Γα−p ' 1.1 MeV [28]. Namely, the
hyperon-inclusion remarkably affects the 1p-resonance
observables.
In Fig. 7, the 1p-resonance observables as functions of
the vacuum-scattering length, av, are summarized. Note
that lowering the av value leads to the enhancement of
the attractive proton-Λ force. This enhancement natu-
rally yields the decrease of the three-body energy as well
as the Q1p value. Also, the decrease of the width can
be understood from the kinetic effect [45]. To show this
kinetic effect better, in Fig. 8, theQ1p-Γ1p relation is pre-
sented. It is clearly shown that, for the lower Q1p value,
Γ1p becomes smaller, since the 1p penetrability via the
core-proton potential barrier is more suppressed. Conse-
quently, with the stronger attraction between proton-Λ,
the system becomes more long-lived.
C. Spin-dependent splitting
In the previous subsection, the same parameter is used
for the spin-singlet and spin-triplet proton-Λ interac-
tions. As the result, the splitting energy between the
1− and 2− resonances is much smaller than the expected
value from the standard, spin-dependent YN interaction.
In this subsection, I extend the model to take the spin-
dependence of the proton-Λ interaction into account.
For this purpose, instead of Eq. (6), I employ a spin-
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FIG. 7. (i) Top panel: three-body energies obtained with
several values of the input parameter, av. The corresponding
−BΛ(6ΛLi) values are presented in the right vertical axis ac-
cording to Eq. (16). To convert from E3b to the Q1p value,
see Eq. (15). (ii) Bottom panel: 1p-emission width of 6ΛLi,
obtained as the mean value during ct = 900−1200 fm in Figs.
5 and 6.
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FIG. 8. One-proton resonance width as a function of the
emitted Q1p value. From E3b values in Fig. 7, Eq. (15) is
utilized to evaluate Q1p.
dependent contact interaction:
vp−Λ(rp, rΛ) = δ(rp − rΛ)
[
w
(t)
0 Pˆt + w
(s)
0 Pˆs
]
, (23)
where Pˆs (t) indicates the projection to the spin-singlet
(triplet) proton-Λ configuration. Its strength parame-
ters, w
(s)
0 and w
(t)
0 , are determined from the spin-singlet
and triplet scattering lengths, respectively. That is,
w
(x)
0 =
2pi2~2a(x)v
µp−Λ(pi − 2a(x)v kcut)
(MeVfm3), (24)
where x = s or t.
For the input parameters, (a
(s)
v , a
(t)
v ), two cases as tab-
ulated in TABLE II are compared: in the cases I and
II, for the spin-singlet part, a
(s)
v = −2.2 fm and −2.5 fm,
respectively. On the other hand, for the spin-triplet part,
it is fixed as a
(t)
v = −1.7 fm in both cases. Namely, I con-
sider the small (large) difference between the spin-singlet
and triplet forces in the case I (II). These parameters are
chosen consistently to the empirical results predicted by
several YN interactions [1, 37]. Other parameters in the
model remain unchanged.
In TABLE II, the resultant Q1p values are presented in
the cases I and II. The mean three-body energy, E3b, is
obtained with the initial state, which is solved within the
same confining potential in Sec. III A. Consequently, in
contrast to the previous results, now there is a noticeable
splitting of the 1− and 2− 1p-resonance energies due to
the spin-dependent proton-Λ force. In the Jpi = 1− con-
figuration, a noticeable sensitivity of the Q1p value (res-
onance energy) to the spin-singlet force is found: when
a
(s)
v becomes small, the E3b as well as Q1p gets decreased,
consistently with that the spin-singlet proton-Λ interac-
tion, w
(s)
0 , becoming more attractive. On the other hand,
the result of the Jpi = 2− configuration is almost inde-
pendent of the changes of the spin-singlet force. This
can be understood from that, in the (κ, λ) = (p3/2, s1/2)
channel of the proton-Λ, only the spin-triplet configura-
tion is allowed to couple to Jpi = 2−. Indeed, this channel
is dominant with P (p3/2, s1/2) ' 98% in both the cases
I and II.
In Fig. 9, the 1p-emission width, Γ1p(t), from the time-
dependent calculation is presented. First, in the 2− con-
figuration, as expected from the insensitivity of the Q1p
value, the width is almost unchanged in the cases I and
II: Γ1p ∼= 75 keV after the convergence at ct ≥ 600 fm.
In the 1− configuration, on the other hand, Γ1p ∼= 25 and
15 keV in the cases I and II, respectively. This sensitivity
can be understood from the kinetic effect with the differ-
ent Q1p values, as discussed in the last subsection. No-
TABLE II. Input parameters of the vacuum-scattering lengths
in the spin-singlet and triplet channels for the proton-Λ con-
tact interaction. The 1p-energy release, Q1p = −Bp(6ΛLi), is
evaluated from Eq. (15).
a
(s)
v (fm) a
(t)
v (fm) Q1p (MeV)
Jpi = 1− Jpi = 2−
case I −2.2 −1.7 +0.29 +0.53
case II −2.5 (same) +0.22 +0.53
case III ≤ −4.0 (same) (bound) +0.53
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FIG. 9. The 1p-emission width of 6ΛLi. These results are
obtained with the sets of parameters, (a
(s)
v , a
(t)
v ), tabulated in
TABLE II. In the case III, 1p emission is forbidden from the
1− ground state.
tice that these predicted widths are comparably smaller
than the splitting energy, Q1p(2
−) − Q1p(1−) ∼= 200 -
300 keV, between the 1− and 2− states. Thus, there
can be the two well-separated 1p-resonance levels in 6ΛLi,
which may provide suitable data to optimize the theoret-
ical YN-interaction model with the spin-dependence.
Before closing the discussion, it is worth mentioning
the last possible case, where the 1p emission is forbidden
from the 1− state, whereas it is still allowed from the
2− state. For this condition, it requires a(s)v ≤ −4.0 fm,
whereas a
(t)
v is kept as −1.7 fm. This set is listed as the
case III in TABLE II. In this case, as the result, Q1p < 0
for Jpi = 1−, meaning that the 1p emission is not allowed.
Namely, this spin-singlet force is sufficiently attractive
to bind the valence proton. Consequently, if the spin-
dependent splitting is sufficiently wide, the 1− ground
state of 6ΛLi may be stable against the 1p emission. Note
also that, even in this case, the 1p emission from the 2−
state can be still active, because of the insensitivity of
the Q1p energy. Its width is also insensitive to a
(s)
v as
shown in Fig. 9.
IV. SUMMARY
It is shown that the spontaneous-1p emission from 6ΛLi
can be sensitive to the proton-Λ scattering length or its
corresponding interaction strength. This sensitivity can
be understood from the kinetic effect on the 1p-tunneling
process via the core-proton potential. The proton-Λ in-
teraction, which is the novel ingredient in this hyper-
nuclear system, can noticeably affect the 1p-emission
observables, including the resonance energy and width,
compared with the normal α-proton resonance. By tak-
ing the spin-dependence of the proton-Λ scattering length
into account, a remarkable splitting of the 1− and 2− res-
onances is suggested. Utilizing the empirical spin-singlet
and spin-triplet proton-Λ scattering lengths as the model
parameters, the decay widths of the two resonances are
evaluated. From these suggestions, one may expect that
the simultaneous 1p emission can be a suitable tool to
investigate the YN-interaction properties.
It is worth mentioning that, from the resultant Γ1p
value, the 1p emission from 6ΛLi is suggested to occur in
the timescale of τ = ~/Γ1p ' 10−20 − 10−21 seconds.
This timescale is sufficiently shorter than the self-decay
lifetime of Λ, 10−10 seconds. Thus, one can infer that the
Λ particle, as well as the daughter nucleus, 5ΛHe, is com-
parably unbroken during the emission process. This spec-
ulation, however, turns to be invalid in one exceptional
case, where the proton-Λ attraction is strong enough to
prohibit the 1p emission.
In this paper, I utilized the simple three-body model.
Compared with the ab initio multi-nucleon analysis
[37, 46–48], this model includes several schematic parts.
In forthcoming studies, I intend to combine the time-
dependent method with the ab initio calculation, in order
to investigate the particle-bound and unbound hypernu-
clei on equal footing. There are several topics, which can
be addressed after this development. Those include, e.g.,
three-body hypernuclear interaction [37, 46, 47], spin-
dependent charge-symmetry breaking [48, 49], and ten-
sor force effect [50]. How these effects are reflected on
the nucleon-resonance properties can be a natural ques-
tion following this first study. Also, the time-dependent
calculation with the standard YN interaction model is an
important future work.
For the first attempt to discuss the 1p emission with
strangeness, the lightest hyper-1p emitter is investigated
in this paper. In future studies, the similar interest can
be widely devoted to the other systems along the proton-
drip and neutron-drip lines, as well as the excited states
of hypernuclei. For these systems, the structural model
may need to be expanded: one has to implement the
time-dependence into the four-or-more-particle model, or
the fully microscopic-structure model. Several develop-
ments along this direction are in progress now.
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9Appendix: Transformation of coordinates
In the main text, the core-orbital coordinates are em-
ployed for the three-body system. In this Appendix, I
give a basic formalism to determine these coordinates.
It starts with the original coordinates and the conjugate
momenta:
~X ≡
 xpxΛ
xc
 , ~Q ≡
 qpqΛ
qc
 . (A.1)
With these coordinates, the three-body Hamiltonian is
trivially given:
H3b =
∑
i
q2i
2mi
+ Vc−p + Vc−Λ + vp−Λ, (A.2)
where i = p,Λ and c for the valence proton, Λ, and the
core, respectively.
With a 3 × 3 matrix U , the core-orbital coordinates
can be determined in the matrix form:
~R ≡
 rprΛ
rG
 = U ~X, ~P ≡
 pppΛ
pG
 = (tU)−1 ~Q, (A.3)
where
U =
 1 0 −10 1 −1
mp
M
mΛ
M
mc
M
 , (A.4)
with M ≡∑imi (total mass). In these new coordinates,
the Hamiltonian reads
H3b =
p2G
2M
+
p2p
2µp
+
p2Λ
2µΛ
+
pp · pΛ
mc
+(potentials), (A.5)
where the relative masses are given as µi = mimc/(mi +
mc) for i = p and Λ. The first term represents the center-
of-mass kinetic energy. Since this center-of-mass term is
well separated, one can obtain the three-body Hamilto-
nian in Eq. (1) correctly. Notice that the recoil term,
(pp ·pΛ)/mc, should be always diagonalized, even if vp−Λ
is zero.
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